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ABSTRACT
The column density probability density functions (PDFs) of the mass density is a tool to
study turbulence and self-gravity in molecular clouds. Self-absorbtion significantly makes the
intensity PDFs different from the column density ones. In this work, we study the effects of
self-absorption on the intensity PDFs utilizing three synthetic emission lines of CO isotopologs
12CO(1-0), 13CO(1-0), and C18O(1-0). We find that for supersonic turbulence, the intensity
PDFs change their shape from the log-normal to a distribution that has a power-law part
depending on the optical depth. We compute the intensity PDFs for massive star-forming
region Vela C and find the change of intensity PDFs in observation agrees with our numerical
results.We identify the gravitational collapsing regions onOphiuchusmolecular cloud through
the PDFs of H2 column density. We see that the change of CO isotopologs’ intensity PDFs
is independent of self-gravity, which makes the intensity PDFs less reliable in identifying
gravitational collapsing regions using emission lines.
Key words: ISM:general—ISM:structure—ISM:magnetohydrodynamics—turbulence—
radiative transfer
1 INTRODUCTION
Magnetic and turbulent effects are considered to be the crucial
agents affecting the dynamics of the star-forming process in molec-
ular clouds, in combination with gas self-gravity, at all physical
scales and throughout different evolutionary stages (Li & Henning
2011; Hull et al. 2013; Andersson et al. 2015; Jokipii 1966; Parker
1965, 1979; Caprioli & Spitkovsky 2014; McKee &Ostriker 2007).
To understand this complex interplay, it is essential to explore the
properties of turbulence, trace magnetic fields, and identify the
transition regions where the gravity takes over and the collapse
occurs(Shu 1992; Kennicutt 1998a,b; Shu 1977; Shu et al. 1994).
The probability density functions (PDFs) of the column mass
density is a statistical tool to get an insight into turbulence and
self-gravity in molecular clouds. The column density PDFs are
believed to be log-normal in non-self-gravitating isothermal super-
sonic turbulence (Klessen 2000; Padoan et al. 2017; Kritsuk et al.
2011; Burkhart 2018; Vazquez-Semadeni et al. 1995; Robertson &
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Kravtsov 2008; Collins et al. 2012; Burkhart 2018):
PN (s) = 1√
2piσ2s
e
− (s−s0)2
2σ2s (1)
where s= ln(ρ/ρ0) is the logarithmic density and σs is the standard
deviation of the log-normal,while ρ0 and s0 denote themean density
and mean logarithmic density. The log-normal PDFs of column
density data are used to predict the sonic Mach number (Burkhart
et al. 2010; Price et al. 2011), the star formation rate (Krumholz,
& McKee 2005; Federrath, & Klessen 2012), and the initial mass
function (Hennebelle, & Chabrier 2008, 2011) in both diffuse and
dense ISM medium. In addition, in the presence of gravitational
collapsing, the column density PDFs are believed to be shaped into
a log-normal (PN ) format for low-density gas and a power-law
(PL) format for high-density gas (Körtgen et al. 2019; Vazquez-
Semadeni et al. 1995; Robertson & Kravtsov 2008; Collins et al.
2012; Burkhart 2018):
PL(s) ∝ eks, s > St (2)
where St = ln(ρt/ρ0) = (−k − 12 )σ2s is the logarithm of the nor-
malized transitional density between the PN and PL . The transition
from log-normal to power-law column density PDFs reveals the
density threshold, above which the gas becomes self-gravitating.
However, molecular clouds are not optically thin objects. The
effects of self-absorption that vary with both the density and the
© 2015 The Authors
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Figure 1. Illustration of how the effect of radiative transfer sampling the column density structures. Top left: the actual column density map obtained from
supersonic simulation with MS=7.14, MA=0.66. Top right: the spectrum of the synthetic PPV cubes for three emission lines: 12CO (red), 13CO (blue), C18O
(green) respectively at lowest-transition level J=1-0. Bottom: the integrated intensity map of three emission lines: 12CO (right), 13CO (middle), C18O (right).
abundance of molecular species are essential for understanding the
emission from molecular clouds (Ostriker et al. 2001; Tafalla et al.
2004). The study of intensity PDFs of different molecular species
is therefore necessary. The prior numerical study shows that, in the
cases of optically thick media such as 12CO, a saturated emission
line is inefficient to trace the column density range above the satu-
ration threshold. For instance, as shown in Fig. 1, 12CO(1-0) only
samples the low-density gas showing a saturated emission line in the
center of the spectrum. Comparing with 12CO(1-0) which typically
trace volume density 102 cm−3, 13CO(1-0) and C18O(1-0) are able
to trace denser gas with typical volume density 103 cm−3 and 104
cm−3 respectively (see Fig. 1). The intensity PDFs are therefore
do not represent the true density distribution in molecular clouds
(Burkhart et al. 2013). It therefore naturally raises a question: how
does the effect of radiative transfer affect the corresponding intensity
PDFs?
For identifying gravitational collapsing regions, the effects of
radiative transfer can make a big difference for observations of the
measured intensities, making the measured intensity PDFs different
from the underlying column density PDFs. Utilizing the SPARX
radiative transfer code (Hsieh et al. 2019), we generate three syn-
thetic emission lines of CO isotopologs, i.e., 12CO(1-0), 13CO(1-0),
C18O(1-0). We then study how observed PDFs of measured inten-
sities are affected by the radiative transfer, for instance, the differ-
ent molecular abundances, optical depths, and molecular emission
lines in numerical simulations. For observations, we test the results
in massive star-forming region Vela C and low-mass star-forming
cloud Ophiuchus.
The paper is organized as follows. In §2, we give the details
of the numerical simulation used in this work. In §3, we present
our numerical and observational results. We discuss the physical
implication of the PDFs in presence of self-absorbing media in §4
and give our conclusion in §5.
2 SIMULATION DATA
We simulate numerical 3D MHD simulations through the ZEUS-
MP/3D code (Hayes et al. 2006), assuming a single fluid, operator-
split, staggered grid MHD in Eulerian frame. Periodic boundary
conditions and solenoidal turbulence injections are applied in our
simulations. The simulated interstellar clouds are isothermal with
temperature T = 10.0 K and sound speed cs = 187 m/s. To probe
the relative importance of gravity and thermal pressure forces, we
consider cloud with the size L=10 pc and the initial density of
ρ0. We vary the value of ρ0, magnetic field strength B to stipulate
different physical environments. The sound crossing time tv = L/cs
is ∼ 52.0 Myr, which is fixed owing to the isothermal equation of
state.
The physical conditions are characterized by the Alfvenic
Mach numbers MA =
√
4piρ0vL/B, and the Sonic Mach num-
ber MS = vL/cs , where vL is the injection velocity and vA is the
Alfvenic velocity. In the case of MA <MS , the cloud is highly
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Model MS MA Resolution Line of Transitions
A0 7.31 0.22 7923 12CO, 13CO, C18O
A1 6.10 0.42 7923 12CO, 13CO, C18O
A2 6.47 0.61 7923 12CO, 13CO, C18O
A3 6.14 0.82 7923 12CO, 13CO, C18O
A4 6.03 1.01 7923 12CO, 13CO, C18O
A5 6.08 1.19 7923 12CO, 13CO, C18O
A6 6.24 1.38 7923 12CO, 13CO, C18O
A7 5.94 1.55 7923 12CO, 13CO, C18O
A8 5.80 1.67 7923 12CO, 13CO, C18O
A9 5.55 1.71 7923 12CO, 13CO, C18O
A10 0.47 0.15 4803 12CO, 13CO, C18O
Table 1. Description of our MHD simulations. MS and MA are the instan-
taneous values at each the snapshots are taken. The lowest-transition J=1-0
is considered for all CO isotopologs.
magnetized while MA >MS corresponds to the thermal pressure
dominates the cloud. We list the simulations in Tab. 1. In the text
and figures, we refer to the corresponding simulation by their model
name. For simulation A2, we additionally consider the effect of self-
gravity. We take the snapshot of this self-gravitating simulation at
free-fall time t f f ' 0.8Myr .
2.1 MHD simulation & Radiative transfer
In this work, we generate three synthetic emission lines of CO
isotopologs, i.e., 12CO(1-0), 13CO(1-0), C18O(1-0) utilizing the
SPARX radiative transfer code (Hsieh et al. 2019). The informa-
tion about molecular gas density and velocity is extracted from
the MHD data mentioned above. The fractional abundances of the
CO isotopologs 12CO(1-0), 13CO(1-0), and C18O(1-0) are set as
1 × 10−4, 2 × 10−6, and 1.7 × 10−7, respectively, following Hsieh
et al. (2019). The 12CO-to-H2 ratio of 1 × 10−4 comes from the
cosmic value of C/H = 3 × 10−4 and the assumption that 15% of C
is in the molecular form. For the abundance of 13CO, we adopted
a 13CO/12CO ratio of 1/69 (Wilson 1999). Hence, the 13CO-to-H2
ratio is approximated to 2× 10−6. With 12CO/C18O = 500 (Wilson,
et al. 2016), we obtain a C18O-to-H2 ratio of 1.7 × 10−7. When
producing the synthetic molecular channel maps, we focus on the
lowest-transition J = 1-0 of the CO isotopologs, in which the LTE
condition is satisfied. The required (critical) density for thermally
populating the J = 1-0 of CO isotopologs is ' 10−3cm−3, which is
comparable to the molecular gas density in the diffuse ISM.
3 RESULTS
3.1 The intensity PDFs of CO isotopologs in supersonic and
subsonic turbulence
To distinguish column density PDFs and intensity PDFs, we denote
sc = ln(ρ/ρ0) for H2 column density and si = ln(I/I0) for CO
isotopologs’ intensity, where I0 and ρ0 are the mean intensity and
mean density respectively.
Fig. 2 shows an example of how the intensity PDFs change
their shape in the presence of self-absorbing media and the ab-
sence of self-gravity. We consider the supersonic simulation A3
with MS=6.47 and MA=0.61 here and the PDFs are normalized. In
the case of H2, the PDFs exhibit an expected log-normal distribu-
tion, and its width is controlled by MS . However, the PDFs become
complicatedwhen considering the effect of radiative transfer. For the
supersonic simulation A3, the intensity PDF obtained from 12CO is
not a log-normal distribution, but a power-law distribution towards
the low-intensity range. While for the intensity PDFs of 13CO, it is
more close to a single log-normal distribution, similar to the case
of H2. The intensity PDFs of C18O further change its shape to a
hybrid of a log-normal distribution at high-intensity ranges and a
power-law distribution at low-intensity ranges, which was expected
in the self-gravitating region for H2 column density data.
The other important properties of either column density PDFs
or intensity PDFs are the slope k of the power-law tail and the
transition threshold St . However, the resulting k and St of PDFs
are not independent of the bin size. In Fig. 2, we further show the
PDFs produced by using different number of bins, i.e., bins=10
(the first column), 30 (the second column), 50 (the third column),
100 (the fourth column). We see that for bins=10, the insufficient
sampling range will result in a confused conclusion about the shape
of PDFs. For example, the low-intensity tail in the intensity PDF
of 13CO and high-density tail in the column PDF of H2 might be
mistakenly viewed as a power-law. Therefore, to have a correct view
of the PDFs, the bin number should be sufficiently large. In the
cases of bins = 50 and 100, the PDFs exhibit similar shapes. Also,
for intensity PDFs of 12CO and C18O, we perform a least-squares
fitting to the power-law parts. The fitting error is given by themargin
error within a 95% confidential level. We find the resulting slopes
k appear deviation for different bin numbers. As when bin number
is larger enough the fitting error gets its minimum, we in default
choose bins = 100 for all PDFs plotted in the following without
specified.
We find the intensity PDFs of 12CO, 13CO, and C18O show-
ing distinguishable shapes. 12CO gives power-law tali in the low-
intensity range with positive k and 13CO appears as an approxi-
mately log-normal PDF, while C18O exhibits a power-law tail in
the high-intensity range with negative k. 12CO, 13CO, and C18O
typically trace gas with H2 number density between 102 and 104
cm−3, i.e., 102 cm−3 for 12CO, 103 cm−3 for 13CO, and 104 cm−3
for C18O. As shown in Fig. 1, the inefficiency of a saturated 12CO
emission line cannot trace the density range above the saturation
threshold, while C18O traces only materials with high-density. One
could expect a low-intensity power-law tail is the result of the inef-
ficiency of a saturated line, while high-density structures lead to a
high-intensity power-law tail.
To test our assumption, we calculate the optical depth τ for
each CO isopotologs from:
τ = ln( ICMB − Bν(10)
Iobs − Bν(10)
) (3)
where Bν(10) is the black body radiation equation with tempera-
ture 10K, ICMB is background radiation with temperature 2.725K,
and Iobs is the observed maximum intensity of CO isopotologs’
emission. In Fig. 3, we compare the PDFs of supersonic simula-
tion A1 and subsonic simulation A10 having similar Alfvenic Mach
number. We see that for subsonic turbulence, intensity PDFs of
12CO, 13CO, and C18O appear similar log-normal formats as the
column density PDF of H2 even though 12CO, 13CO are optically
thick, i.e., τ > 1. However, the situation gets changed for the super-
sonic turbulence. In cases of optically thick 12CO, 13CO, both their
intensity PDFs show a power-law tail in the low-intensity region.
Comparing with the PDFs shown in Fig. 2, the low-intensity power-
law tail only appears in optically thick supersonic media. Similar
results were also found by Bialy et al. (2017). They performed uni-
directional radiation normal to the H 1 cloud surface to study the
H2 formation-destruction equilibrium in photodissociation regions.
This process is similar to the radiative transfer of optically thick
MNRAS 000, 1–13 (2015)
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Figure 2. Examples of how the normalized intensity PDFs change their shapes in the presence of self-absorption and in the absence of self-gravity. We use the
synthetic maps of 12CO (the first row), 13CO (the second row), C18O (the third row), and H2 (the fourth row) generated by simulation A3 with MS=6.47 and
MA=0.61. We show the PDFs produced by using different number of bins, i.e., bins=10 (the first column), 30 (the second column), 50 (the third column), 100
(the forth column). k is the slope of a best power-law fitting, and I0 and ρ0 are the mean intensity and mean density respectively.
media since in supersonic environment high-density enhancement
of H 1 gas cannot be radiated into H2, i.e., the sampling of H 1 is
insufficient. Bialy et al. (2017) showed that the resulting column
density PDFs of H 1 do not follow a log-normal relation in super-
sonic photodissociation regions but subsonic regions. Here we see
an optically thickmedium does not guarantee a low-intensity power-
law tail, but compressible supersonic turbulence is also necessary.
The intensity PDF of C18O in Fig. 3 is still close to a log-normal
shape. Recall the PDFs shown in Fig. 2, C18O gives a PDF with a
high-intensity power-law tail. We notice τ=0.61 for C18O in Fig. 3
while τ=0.08 for C18O in Fig. 2.We expect there exist three particu-
lar ranges of τ within which the intensity PDFs exhibit low-intensity
power-law tail, log-normal shape, and high-intensity power-law tail
respectively.
3.2 Skewness of PDFs
To figure out the particular ranges of τ, we calculate the skewness
of s. The skewness γ of a data sample is statistically defined as:
γ =
1
N
N∑
i=1
( si− < s >
σs
)3 (4)
where N is the sample size, < s > is the mean value and σs is the
standard deviation. Skewness can be quantified as a representation
of the extent to which a given distribution varies from a normal
distribution. Negative skewness refers to a longer or fatter tail on
the left side of the PDF, while positive skewness refers to a longer
or fatter tail on the right. The uncertainty of skewness is related to
the sample size as ±
√
24N (N−1)
(N−2)(N+1)(N+3) , which is negligible in our
study.
In Fig. 4 top panel, we plot the correlation of skewness and
MA for each molecular species H2, 12CO, 13CO, and C18O us-
ing distinguishable colors. For H2, we can the skewness is positive
MNRAS 000, 1–13 (2015)
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Figure 3. Comparison of the normalized intensity PDFs in either sub-
sonic environment or super-sonic environment (the second column). We
use the synthetic maps of 12CO (the first row), 13CO (the second row),
C18O (the third row), and H2 (the fourth row) generated by simulation A1
with MS=7.31 and MA=0.22 (the first column) and A10 with MS=0.47
and MA=0.15 (the second column). τ is the optical depth, k is the slope
of a power-law fit, and I0 and ρ0 are the mean intensity and mean density
respectively.
when MA < 1, while it gets negative when MA > 1. In any case,
the skewness of H2 is fluctuating around zeros, which indicates its
column density PDF is symmetric (in our case, it is log-normal).
However, the skewness of 12CO, 13CO, and C18O shows different
behavior with respect to the increment of MA. The skewness of
12CO is positively proportional to MA, while it always keeps neg-
ative. It implies there is always a low-intensity tail in the intensity
PDFs of 12CO. As for 13CO, in the presence of strong magnetic
fields (MA ≤ 0.6), 13CO give negative skewness, while the skew-
ness becomes positive when MA > 0.6. The intensity PDFs of
13CO, therefore, evolve from a low-intensity tail to a high-intensity
tail with an increment of MA. The skewness of C18O keeps increas-
ing when MA ≤ 0.6, while it remains almost a positive constant
for MA > 0.6. We can conclude the intensity PDFs of C18O, in
general, has a high-intensity tail.
According to our expectation, the appearance of low-intensity
tail and high-intensity tail is caused by the different sampling range
Figure 4. Top: the correlation of skewness and MA. We use the synthetic
maps of 12CO (red), 13CO (blue), C18O (lime), and H2 (black) generated by
super-sonic simulation set A, which has similar MS for each data cube. Bot-
tom: the correlation of skewness and optical depth τ. We use the synthetic
maps generated by super-sonic simulation set A. The dashed line denotes
skewness equals zero.
of molecular tracers, i.e., the optical depth. In Fig. 4 bottom panel,
we plot the correlation of skewness and τ. We find skewness is
generally decreasing with the increment of τ, regardless of the CO
isotopologs. In the range of 0 < τ < 0.5 the skewness is positive,
while when τ > 2.0 the skewness rapidly drops to a smaller negative
value. In the range of 0.5 < τ < 2.0, the skewness gradually
deviates towards negative, which indicates the low-intensity tail
starts appearing. However, we can only decide whether a PDF is
symmetric or not through the sign of skewness, but not the exact
shape of PDF. Therefore, in Appendix A (see Fig. A1 and Fig. A2),
we attach all intensity PDFs used in our study and give the range
of τ. We find the low-intensity power-law tails only appear in the
optically thick case that τ > 1.2. As a result, the optically thick 12CO
synthetic observation data always shows intensity PDFs with low-
intensity power-law tail. As for the optically thinmedia, the intensity
PDFs are in log-normal shape when approximately 0.2 < τ < 1.2,
while the intensity PDFs exhibit high-intensity power-law tails in
the case τ < 0.2.
MNRAS 000, 1–13 (2015)
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Figure 5. Examples of how the PDFs change their shape in the presence of both self-absorption and self-gravity. Upper left figure depicts the the PDF evolution
for H2 from t f f = 0 to t f f = 0.8Myr . For the rest panels we take the snapshot of this self-gravitating simulation MA0.4 at free-fall time t f f ' 0.8Myr . We
consider the J=1-0 transition lines of 13CO and change the abundance 13CO/H2 to 2× 10−6 (upper right), 1× 10−4 (bottom left), and 1.7× 10−7 (bottom right)
respectively. τ is the optical depth and k is the slope of the power-law correlation.
3.3 Intensity PDFs of self-gravitating media
Self-gravity plays an important role in the shape of column density
PDFs. In the case of self-gravitating media, the column density
PDFs are expected to be a power-law tail in high-density range. In
the aforementioned section, we find the high-density tracers C18O
with small optical depth also produce the same high-intensity tail.
We, therefore, explore how self-gravity contribute to the intensity
PDFs of CO isotopologs.
In Fig. 5, we additionally take into account the affect from
self-gravity. Instead of using different emission lines, we vary the
abundance of 13CO, i.e., the ratio 13CO/H2, which changes the
optical depth. We use 13CO/H2 = 2× 10−4 ( τ = 2.63) which is the
typical value of 12CO abundance, typical 13CO/H2 = 2× 10−6, and
13CO/H2 = 1.7×10−7 (τ = 0.16) which is the typical value of C18O
abundance (see § 2). For theH2media,we see that its columndensity
PDF is a single log-normal distribution in the absence of self-gravity
(i.e., t f f = 0.0 Myr), while the PDF of high-density gas evolves into
a power-law at t f f = 0.8 Myr which is expected. As for the intensity
PDF of 13CO with 13CO/H2 = 2 × 10−6, it is more close to a
single log-normal distribution with τ = 1.23 even in the presence
of self-gravity. In the case of 13CO/H2 = 2 × 10−4 (τ = 2.63), the
intensity PDF becomes a power-law distribution with low-intensity
tail, which is similar to the intensity PDF of 12CO shown in Fig. 3.
When 13CO/H2 = 1.7 × 10−7 (τ = 0.16), the resulting intensity
PDF gets different. It becomes a power-law distribution with high-
intensity tail, which is similar with the intensity PDF of C18O
shown in Fig. 2 and the PDF of self-gravitating H2. In Fig. 6,
we calculate the skewness of each distribution used in Fig. 5. We
can see the skewness of non-self-gravitating H2 column density
is positive but close to zeros, while the self-gravity increases the
skewness since a high-density tail is induced. However, in the case
of 13CO, the skewness gets changed with different abundance or
τ. When 13CO/H2 =12CO/H2= 2 × 10−4, the skewness is negative
significantly deviating from zeros. The decrements of abundance to
13CO/H2 = 2×10−6, the skewness is still negative but close to zeros.
Nevertheless, in the case of 13CO/H2 = C18O/H2 = 1.7 × 10−7, the
skewness is positive and larger than the skewness of self-gravitating
H2. Comparing with PDFs plotted in Fig. 5, we the see the positive
skewness indicates a high-density/high-intensity power-law tail in
the PDFs. The correlation of skewnnes and τ also well match with
the curved shown in Fig. 4.
MNRAS 000, 1–13 (2015)
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Figure 6. The skewness of s calculated from both non-self gravitating and
self-gravitating simulation A2 denoting as H2 and H2(G). We use the J =
1-0 transition lines of 13CO and change the abundance 13CO/H2 to 2× 10−6
(blue), 1 × 10−4 (red), and 1.7 × 10−7 (lime) respectively. τ is the optical
depth and the dashed line denotes skewness equals zero.
In this test, we use a single molecular tracer but vary its abun-
dance, i.e., optical depth, which excludes the different chemical
properties of molecules. We still see the change of intensity PDFs
using single 13CO tracer. It, therefore, confirms our earlier con-
clusion that the appearance of low-intensity tail and high-intensity
tail is caused by the different sampling range of molecular tracers.
Using intensity PDFs, there is, therefore, difficulty in distinguishing
the power-law produced by self-gravity or radiative transfer.
3.4 Observational results of PDFs’ change in molecular
clouds
To demonstrate the change of density PDFs in the presence of self-
absorption in observation, we select two molecular clouds: Vela C
and Ophiuchus. Vela C is a massive (' 105M), relatively nearby
GMC(distance ∼900 pc), which appears to be relatively young and
unevolved (Hill et al. 2011). The 12CO (J = 1-0), 13CO (J = 1-
0), C18O (J = 1-0) data of Vela C are mapped from a large-scale
molecular line survey made with the 22-mMopra Telescope (Fissel
et al. 2016). As for Ophiuchus, it is also a low-mass star-forming
cloud located at a distance of∼145 pc. The 12CO (J = 1-0) and 13CO
(J = 1-0) data of Ophiuchus are obtained from the COMPLETE
Survey of Star-Forming Regions (Ridge et al. 2003), while the H2
column density data for both Serpens and Ophiuchus are obtained
from Herschel Gould Belt Survey (André et al. 2010). See Tab. 2
for more details about each data set.
For Vela C, we select the emission line at the velocity range [-
2.64, 14.89]km/s which covers only themain structures of the could.
The contribution from the noise in the foreground and background
is reduced. Fissel et al. (2019) showed the Signal-to-Noise Ration
is larger than 10 with per channel noise level ' 0.113 K for 12CO
and ' 0.053 K for 13CO and C18O. The measurement noise in
the resulting intensity maps is further suppressed. In addition, we
smooth the intensity maps using a Gaussian filter with a Gaussian
kernel equals to 2. With those data reduction procedures, we expect
the noise is insignificant in our analysis. In Fig. 7 (a), we plot
three intensity maps and PDFs of each molecular tracer 12CO(1-0),
Molecular cloud Vela C Ophiuchus
12CO (J = 1-0) 12CO (J = 1-0)
Line of transitions 13CO (J = 1-0) 13CO (J = 1-0)
C18O (J = 1-0) H2
vmin [km/s] -2.64 -1.05
vmax [km/s] 14.89 6.57
Data source Fissel et al. (2016) Ridge et al. (2003)
Fissel et al. (2019) André et al. (2010)
Table 2.Description of four molecular clouds used in our analysis. vmax is
the maximum value of LOS velocity and vmin is the minimum value. vmax
and vmin give the range of velocity selected for each molecular cloud.
13CO(1-0), and C18O (1-0) for Vela C respectively, masking the
pixels which show negative value. For the intensity PDF of 12CO
(1-0), we see it appears as a power-law at low-intensity regions
with the slope k = 2.32 ± 0.10. The transition density St , at which
the log-normal PDF changes to a power-law correlation or vice
versa, is approximately -0.78. The intensity PDF of 13CO (1-0)
still exhibits as a power-law correlation at low-intensity regions,
while the slope gets steeper k = 4.40 ± 0.11 and St ' −1.04. As
for C18O (1-0), the intensity PDF becomes completely different.
It is a combination of log-normal at the low-intensity region and
power-law at the high-intensity region. The slop of the negative
power-law correlation is k = −4.13 ± 0.46 and St ' 0.76. The
corresponding optical depth has been calculated by Fissel et al.
(2019). They showed that the optical depth τ18 for C18O ranges
from 0.015 to 0.18, with a median value of 0.026. Assuming a
[13CO/C18O] ratio of 10 and a [12CO/C18O] ratio of 400, this
implies a typical τ12 ' [12CO/C18O]τ18 in the range of 6 to 72,
and τ13 in the range of 0.15 âĂŞ 1.8. The results agree with our
numerical studies in §3.1.
In addition to the massive star-forming region Vela C , we
verify our discovery in a low-mass star-forming region Ophiuchus.
For Ophiuchus shown in Fig. 8, we use the 12CO (1-0), 13CO (1-0),
and H2 column density data.We repeat the data reduction procedure
used for Vela but selecting the emission line at the velocity range [-
1.05, 6.57]km/s. The change of intensity PDFs onOphiuchus ismore
significant. The intensity PDF of 12CO does not show the features
of power-law in both low-intensity and high-intensity region, but
more close to a log-normal format. As for 13CO, its intensity PDF
becomes almost a power-law distribution in high-intensity region
with the slope k = −0.83 ± 0.05 and St ' −0.94. We highlight the
corresponding high-intensity region in Fig. 8 indicated by the red
contour.
We compare this high-intensity region with the one outlined
by the column density PDF of H2. The PDF of H2 column density
also shows a power-law tail at the high-intensity region, which
is expected to be gravitational collapsing. We see there exit two
power-laws with different slope, i.e., k1 = −1.03 ± 0.07 and k2 =
−3.00± 0.20. The characteristic slope of that power law changes in
roughly the cloud mean free fall time from steep k ' −3, to shallow
−1.5 < k < −1 (Burkhart et al. 2017; Girichidis et al. 2014).
St1 and St2 therefore give two high-density regions under different
collapsing stage (see Fig. 8). The intensity PDF of 12CO provides
no information about gravitational collapsing regions. Although the
13CO’s PDF outlines a high-intensity region, this region is much
wider than the one given byH2’s column density PDF andwe cannot
distinguish the radiative transfer effect and self-gravity effect.
In analogy to our calculation of skewness for numerical data,
we compute the skewness for molecular clouds Vela C and Ophi-
uchus in Fig. 9.We can see the skewness for 12CO is always negative
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Figure 7. Observational examples of how the PDFs change their shape for molecular cloud Vela C. The first row shows the intensity maps of each molecular
tracer (left: 12CO(1-0), middle: 13CO(1-0), and right: C18O(1-0)) for Vela C. The second row gives the intensity PDFs. The dashed black line is the best
fitting for the power-law part of PDFs within 95% confidential level and k denotes its slope. St indicated by dashed red line is the transition density at which
the log-normal PDF changes to a power-law correlation or vice versa. We also plot the corresponding contours of St in intensity maps.
Figure 8. Observational examples of how the intensity PDFs change their shape for molecular cloud Ophiuchus. The first row shows the intensity maps of each
molecular tracer (left: 12CO J = 1-0, middle: 13CO J = 1-0, and right: H2) for Ophiuchus. The second row gives the intensity PDFs. The dashed black line is
the best fitting for the power-law part of PDFs within 95% confidential level and k denotes its slope. St indicated by dashed red line is the transition density at
which the log-normal PDF changes to a power-law correlation or vice versa. We also plot the corresponding red/green contours of St1/St2 in column density
map.
MNRAS 000, 1–13 (2015)
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Figure 9. The skewness of s calculated for molecular clouds Vela C (left)
and Ophiuchus (right). We use red to indicate 12CO, blue for 13CO, lime for
C18O , and black for H2. The dashed line denotes skewness equals zero.
since it only traces the clouds’ surface with volume density ' 102
cm−3. While for 13CO and C18Owhich can trace higher density, the
skewness can be either positive and negative. The sign of skewness
depends on the optical depth. In addition, due to self-gravity, H2
can exhibit a significantly positive skewness.
4 DISCUSSION
4.1 The correlation of intensity PDF and column density PDF
Three most common ways to derive the column density from obser-
vations of molecular line emissions are (i) combining an optically
thick line and an optically thin line, for example, 12CO (1-0) and
13CO (1-0), assuming that they have the same excitation tempera-
ture (Pineda et al. 2008), (ii) the curve of growth analysis, which
involves using an optically thin line 13CO (1-0) to estimate the
opacity of the optically thick line 12CO (1-0) (Pineda et al. 2008),
and (iii) the empirical linear conversion between 12CO (1-0) inte-
grated intensity and H2 column density, i.e., the so-called X-factor
(Solomon et al. 1987).
Goodman et al. (2009) pointed out that with the combining
lines method, there are issues such as abundances and LTE/non-
LTE conditions which make the method less reliable than other
column density tracers such as dust emission and dust extinction.
As Pineda et al. (2008) have also shown, empirical linear relations
between the integrated intensity and the total column density can
likewise perform well in the estimation of column density, but each
transition is limited on the lower end by the detection threshold
and the higher end by the saturation. These empirical linear rela-
tions vary substantially from region to region, and thus there is no
universal linear relation that applies to all molecular clouds. In any
case, thesemethods all involve assumptions such as a constant abun-
dance, the LTE across the entire cloud, and the opacity/transparency
of the molecular line emission. The various physical conditions in
different molecular clouds contribute significant uncertainty of the
resulting column density PDF. It, therefore, suffers a significant
uncertainty in deriving a substantial column density range column
density from emission lines, as well as finding the correlation of
intensity PDF and column density PDF.
Burkhart et al. (2013) firstly studies the effects of the radia-
tive transfer on the intensity PDFs of molecular MHD turbulence.
They numerically concluded that the integrated intensity maps of
13CO (2âĂŞ1) transition line generally follow a log-normal distri-
bution, with the cases that have τ ' 1 best matching the PDF of
the column density. Our work extends the study to three different
CO isotopologs 12CO(1-0), 13CO(1-0), C18O(1-0), as well as the
presence of self-gravity. We find in supersonic turbulence the inten-
sity PDFs exhibit (i) a low-intensity power-law tail when the optical
depth τ > 1.2, (ii) a log-normal shape when 0.2 < τ < 1.2, and
(iii) a high-intensity power-law tail when the optical depth τ < 0.2.
This change indicates that the skewness goes from positive value to
negative value with an increment of τ. Burkhart et al. (2013) numer-
ically shows the skewness indeed tends to decrease in an optically
thick medium. However, their skewness is always positive. We ex-
pect the difference can come from the radiative transfer algorithm
SimLine-3D used in Burkhart et al. (2013) and SPARX used in this
work. In any case, our study shows an agreement with observational
data.
One factor leading to the change of intensity PDFs is expected
to be the different sampling powers of molecular tracers. How-
ever, the radiative transfer effect is not enough to explain the high-
intensity power-law tail and low-intensity power-law tail. Based on
our numerical study, these tails only appear in the supersonic envi-
ronment, but not the subsonic condition. Similar phenomenon has
also been reported by Bialy et al. (2017) (see our discussion in
§.3). We speculate the compression by supersonic turbulence also
contributes to the power-law tails in intensity PDFs. For instance,
in the case of gravitational collapsing, the power-law feature that
appears in column density PDFs is expected to be caused by the
self-similarity in the medium, since all materials are accelerating
into the center of gravity. It is also possible that the effects of radia-
tive transfer and supersonic turbulence also create self-similarity,
although it requires further studies.
4.2 Identifying gravitational collapsing regions through
velocity gradients
The power-law feature that appears in the column density PDFs
is widely used to identify the gravitational collapsing regions in
molecular clouds. However, our studies show that it is still chal-
lenging to apply it to the intensity maps of molecular emissions.
Nevertheless, the Velocity Gradients Technique (VGT) provides an
alternative way to solve this problem.
VGT is developed as a new technique to study the magnetic
fields in ISM (González-Casanova& Lazarian 2017; Yuen&Lazar-
ian 2017a; Lazarian & Yuen 2018a), based on the advanced un-
derstanding of MHD turbulence. The measurements from VGT
is shown to reveal the POS and LOS magnetic field morphology
(Lazarian & Yuen 2018b; Zhang et al. 2019), the magnetization
level (Lazarian et al. 2018a), and turbulent properties of ISM gas
(Hu et al. 2019c). It has been numerically and observationally tested
in a wide range of column densities from diffuse neutral hydrogen
media (Hu et al. 2018, 2020a, 2019c; González-Casanova & Lazar-
ian 2019; Yuen et al. 2019) to molecular self-absorbing dense gas
(Hsieh et al. 2019; Hu et al. 2019a,b; González-Casanova et al.
2019). One of the most critical properties of velocity gradients is
that the gradients flip their orientation by, 90◦, i.e., get changed from
perpendicular to magnetic fields to parallel with magnetic fields,
in the cases of gravitational collapsing (Yuen & Lazarian 2017b;
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Hu et al. 2019a). The reaction of gradients with respect to self-
gravity can, therefore, be used to identify gravitational collapsing
regions. The corresponding study done by Hu et al. (2020b) shows
that VGT can determine both the self-gravitating region and the
stages of gravitation collapse. Furthermore, Hu et al. (2019b) firstly
showed the possibility of constructing the 3Dmagnetic fields model
in molecular clouds utilizing different emission lines through VGT.
For instance, the velocity gradient tells us about the POS component
of the magnetic field over three different density ranges using 12CO,
13CO, and C18O. We can, therefore, expect that VGT can reveal the
density range in which the collapsing occurs. The corresponding
work will be carried out by Hu et al. (2020c, in prep.)
5 CONCLUSION
The density PDF has been wildly used to study the turbulent proper-
ties of ISM. It is also a useful tool in identifying the self-gravitating
gas, calculating the star-forming rate in molecular clouds using H2
column density data. However, in the presence of self-adsorption,
molecular tracers sample only parts of the column density struc-
tures. The radiative transfer effect is able to change the properties
of intensity PDFs. We, therefore, extend the study of PDFs, taking
into account the presence of self-adsorption in both numerical and
observational. To summary:
(i) For subsonic turbulence without self-gravity, the intensity PDFs
appear as a log-normal distribution for all three CO isotopologs
12CO, 13CO, C18O.
(ii) For supersonic turbulence, the intensity PDFs partially change its
shape to a power-law distribution, which effectively depends on the
abundance of molecule species or optical depth. In particular:
(a) The low-intensity power-law tail of intensity PDFs appear in the
optically thick case that τ > 1.2;
(b) Intensity PDFs are close to log-normal shape when τ is approx-
imately in the range 0.2 ≤ τ ≤ 1.2;
(c) The high-intensity power-law tail of intensity PDFs appear in
the case of τ < 0.2.
(iii) The observed shape of the intensity PDFs is strongly affected by
self-absorption. This can strongly interfere with the attempts to use
the intensity PDFs for identifying gravitational collapsing regions
in molecular clouds.
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APPENDIX A: THE INTENSITY PDFS OF CO
ISOPOTOLOGS
In this appendix, we attach all intensity PDFs of synthetic emission
lines of CO isotopologs in Fig. A1 and Fig. A2. These synthetic
emission lines are generated from simulation set A (see Tab. 1).
We plot the intensity PDFs following the same procedure de-
scribed in § 3 with bins number 100. We perform a least-squares
fitting to the power-law parts for calculating the slope k. The fitting
error is given by the margin error within a 95% confidential level.
The optical depth τ for each CO isopotologs is calculated from:
τ = ln( ICMB − Bν(10)
Iobs − Bν(10)
) (A1)
where Bν(10) is the black body radiation equation with tempera-
ture 10K, ICMB is background radiation with temperature 2.725K,
and Iobs is the observed maximum intensity of CO isopotologs’
emission.
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Figure A1. Examples of how the normalized intensity PDFs change their shapes in the presence of self-absorption and in the absence of self-gravity. We use
the synthetic maps of 12CO (the first row), 13CO (the second row), and C18O (the third row) generated by simulations A0, A1, A2, A3, A4. k is the slope of a
best power-law fitting, and I0 and is the mean intensity.
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Figure A2. Examples of how the normalized intensity PDFs change their shapes in the presence of self-absorption and in the absence of self-gravity. We use
the synthetic maps of 12CO (the first row), 13CO (the second row), and C18O (the third row) generated by simulations A5, A6, A7, A8, A9. k is the slope of a
best power-law fitting, and I0 and is the mean intensity.
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